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Density functional theoryWe analyzed the X-ray absorption spectra (XAS) of Co 2p orbital in LaCoO3 by using density functional theory
method to understand the temperature effect on the electronic structures, especially low-spin (LS),
intermediate-spin (IS), and high-spin (HS) states of Co3+ ion. We considered the lattice change, thermal excita-
tion of electrons, and displacement of atoms from equilibrium position in LaCoO3 as a temperature effect in this
study.We observed negligible change in the shape of Co 2p XAS of LaCoO3 for each LS, IS, and HS state associated
with the lattice expansion due to temperature increase, while different spectral features for LS, IS, and HS states
were observed. The change of spectra observed by in situ XAS measurement of LaCoO3 at Co LII- and LIII-edges
would be due to the increase in HS and decrease in LS and IS at higher temperature. In addition, the geometry
change by thermal displacement of atomic position was analyzed by using ﬁrst-principles molecular dynamics
calculation. Our results indicated that the electronic structure is sensitively changed by the change of Co-O
bond distance due to the displacement of atoms from the equilibrium position at studied temperature when
the spin state was IS.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Doped lanthanide perovskites, such as La1-xSrxCoO3-δ, La1-xSrxCo1-y
FeyO3-δ, La1-xBaxCoO3-δ, and Sm1-xSrxCoO3-δ, are used as cathodemate-
rials in solid oxide fuel cell (SOFC) [1–12]. For a high catalytic activity,
the improvement of properties governing the cathode performance is
important. It is generally regarded that one of the important factors is
electronic structure of cathode material. In fact, some experimental
and theoretical works point out the relationship between electronic
structure of doped lanthanide perovskites and oxygen dissociation on
surface, formation energy of oxygen vacancy, and oxygen diffusion
[13–18]. Therefore, detailed understandings of electronic structure of
doped lanthanide perovskites are very important to design the high
catalytic cathode materials. In this study, we focused on the LaCoO3 asier Research Center, Kyushu
an. Tel./fax: +81 92 801 6969.
ier Research Center, Kyushu
an. Tel./fax: +81 92 801 6968.
imoto),
. This is an open access article undera basic cathode material in SOFC. The LaCoO3 shows a nonmagnetic
property based on low-spin (LS) state of Co3+ ion at low temperature.
With increasing temperature, the LaCoO3 is said to undergo the mag-
netic transition to the intermediate-spin (IS) and further to high-spin
(HS) states. The magnetic transition temperatures from LS to IS and IS
to HS states are considered to be around 100–150 and 500–650 K, re-
spectively. Many experimental studies have been conducted to explain
the mechanism of spin state transitions [19–25]. In particular, the soft
X-ray absorption spectra (XAS) of LaCoO3 at Co LII- and LIII-edges are
used to directly observe the information of electronic structure of
Co3+ ion in LaCoO3 [24,25]. Abbate et al. observed the difference of
XAS of LaCoO3 at Co LII- and LIII-edges at different temperature [24].
They pointed out that the change in the spectra at different temperature
is an evidence of the spin state transition in LaCoO3.
To understand the spectra changes by temperature, many theoreti-
cal studies based on density functional theory (DFT) are reported
[26–40]. At the low temperature region, the calculated Co 2p XAS of
LaCoO3 reproduced the experimental XAS of LaCoO3 at Co LII- and LIII-
edges under the assumption of LS state [30]. This result means that
the LS state of Co3+ ion is dominant at low temperature. In IS and HS
states, the reproduction of experimentally observed spectra at roomthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Unit cell of rhombohedral LaCoO3 having R3c crystal symmetry.
Table 1
196 T. Ishimoto et al. / Solid State Ionics 285 (2016) 195–201and higher temperature regions was main approach. Here, one of
the difﬁculties in DFT computation is treatment of strong correlation
of interacting electrons of the Co 3d orbitals. Hubbard U approach in
DFT calculations [41] is used for the correction of strong correlation of
interacting electrons. For calculation of Co 2p XAS of LaCoO3, several
U parameters for DFT has been reported (2.7–7.8 eV) [26,27,30–32,34,
36]. In these studies, the U parameters were set so as to reproduce the
experimental spectra. However, the experimental spectra obtained so
far may include uncertainty such as inappropriate deﬁnition of oxygen
partial pressure leading to the oxygen nonstoichiometry because ultra
high vacuum were used for conventional XAS measurements. For
example, when oxygen vacancy is formed in LaCoO3, the formal charge
surrounding Co ion becomes smaller from+3. Mers et al. reported that
the shape of XAS drastically changes by changing the formal charge of
Co ion [42].
Recently, Oike et al. succeeded in themeasurement of XAS of LaCoO3
at Co LII- and LIII-edges under the controlled oxygen pressures up to
0.01 bar at elevated temperatures [43,44]. The intrinsic electronic struc-
ture in LaCoO3 can be observed by using their approach excluding the
inﬂuence of the partial reduction of Co3+due to the oxygen vacancy for-
mation. They clearly observed the difference of spectra shape between
room (300 K) and high (773 K) temperatures. The difference of spectra
shape directly comes from the change of spin state of Co3+ ion. Al-
though they observed XAS of LaCoO3 at Co LII- and LIII-edges change
with increasing the temperature, the nature of the thermally induced
spin transition is still controversial.
To understand the essential nature of the change in electronic struc-
ture of LaCoO3 at room and elevated temperatures, simple reproduction
of observed spectra by the changing theU parameter in DFT calculations
as a ﬁtting parameter is insufﬁcient. Rather, ab initio-based predictive
approach is demanded to understand the difference of electronic struc-
ture of LS, IS, and HS states of Co3+ ion in LaCoO3. It is also necessary to
incorporate the temperature effect on Co 2p XAS calculation of LaCoO3.
In this study, we considered several factors to treat the temperature ef-
fects in DFT calculation. The ﬁrst is the change of lattice parameter
(length and angle). Experimentally, Ladaelli et al. carefully observed
the change of lattice parameter (lattice length and angle) with temper-
ature by using neutron diffraction technique [45]. We thus considered
the experimentally observed lattice change as one factor to include
the temperature effect in DFT calculations. The second is the thermal
excitation of electrons changing both the occupancy of electronic states
and the Fermi level. Thermal excitation of electrons is a popular
approach in the semiconductor ﬁeld to treat the temperature effect
[46]. The Fermi–Dirac distribution function is applied for the analysis
of the thermal excitation of electrons in LaCoO3 in this study. In addition,
the stability of each spin state in LaCoO3 can be discussed on the basis of
the estimated Fermi level. The third is the displacement of atoms from
the equilibrium position in LaCoO3. The electronic structure of LaCoO3
will be inﬂuenced by the local geometrical changes, such as Co-O dis-
tances and O-Co-O angles, due to the displacement of atomic positions
as results of the thermal vibrations. We analyze the relations between
the electronic structure and local geometrical changes in LaCoO3.
In this manuscript, we discussed the temperature effects for Co 2p
XAS of LaCoO3 in LS, IS, and HS states of Co3+ ion by using DFT calcula-
tion.We focus on the unoccupied partial density of states (DOS) of Co 3d
orbital because the shape of XAS of LaCoO3 at Co LII- and LIII-edges is re-
lated to it. In addition, we compared calculated Co 2p XAS of LaCoO3
with experimental XAS of LaCoO3 at Co LII- and LIII-edges to discuss
the difference of electronic structure of LaCoO3 at room and high
temperature regions.Lattice parameters (length and angle) of the rhombohedral unit cell of LaCoO3 at 300, 573,
and 773 K. These values are taken from ref. [45].
Temperature (K) 300 573 773
a (Å) 5.3793 5.4201 5.4510
α (degree) 60.770 60.623 60.5202. Computational details
The crystal structure of LaCoO3 is rhombohedral having R3c crystal
symmetry at room temperature as shown in Fig. 1 [45]. Rhombohedralstructure is considered as the most stable structure of LaCoO3 up to ca.
1600 K [47]. Neutron diffraction experiment has indicated that the lat-
tice length and angle become longer and smaller, respectively, when
temperature increases [45]. We prepared models for each temperature
by ﬁxing the lattice length and angle for corresponding temperatures.
Table 1 shows the lattice parameters (length and angle) of the rhombo-
hedral unit cell of LaCoO3 for 300, 573, and 773 K.
We performed single-point DFT calculations using CASTEP program
package [48] for the unit cell model shown in Fig. 1. Lattice parameters
and the atomic positions are set as the experimentally reported values
[45]. We employed the on-the-ﬂy generated pseudopotentials to
describe core electrons of La, Co, and O atoms under the cutoff energy
of 550 eV. The generalized gradient approximation with Perdew–
Burke–Ernzerhof (GGA-PBE)was adopted for the exchange and correla-
tion functionals [49].We employedGGA+U to improve the description
of Co 3d electrons. TheHubbardU value of 4.0 eVwas determined in this
study so as to reproduce the peak position and width of Co 2p XAS of
LaCoO3 at LS reported in the previous rigorous approach for 2p-3d exci-
tations based on DFT and conﬁguration interaction scheme [30]. The
Monkhorst–Pack scheme for 6 × 6 × 6 k-point mesh in the Brillouin
zone was applied. The initial spin conﬁguration was constrained, name-
ly, for LS (total spin 0 μB), IS (total spin 2 μB per Co ion), andHS (total spin
4 μB per Co ion) to obtain Co 2p XAS corresponding to different spin
states. We conﬁrmed the LS, IS, and HS states of LaCoO3 after electronic
structure calculations by looking at the total spin in the unit structure.
The core hole effect was considered in calculating the XAS, partial DOS,
and total energy for LS, IS, and HS states in this study.
3. Results and discussion
3.1. Co 2p XAS of LaCoO3 for LS, IS, and HS states
We ﬁrst discuss the Co 2p XAS of LaCoO3 for LS, IS, and HS states and
temperature effect by lattice change of the LaCoO3 unit structure. Under
the ﬁxed lattice parameters and atomic positions experimentally
observed for the rhombohedral LaCoO3 unit structure, we calculated
the Co 2p XAS of LaCoO3 for LS, IS, and HS states by using DFT. The Co
2p XAS of LaCoO3 for LS, IS, and HS states for the structures with the lat-
tice at different temperatures are shown in Fig. 2. Note that the energy
of the conduction band minimum is set to zero in horizontal axis in
Fig. 2. We found the different shape of spectra at LS, IS, and HS states.
The ﬁrst strong peak for IS shifted to the lower energy in comparison
with that for LS. The second peak located at higher energy side of the
Fig. 2. Calculated Co 2p XAS of LaCoO3 for LS, IS, and HS states at 300, 573, and 773 K.
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strong peak was observed in the case of HS state. This result shows that
difference of spin state of Co3+ ion inﬂuences the shape of Co 2p XAS.
However, we can see that the change of the spectra shape for each LS,
IS, and HS state is negligible even when the lattice changes.
3.2. Unoccupied partial DOS for LS, IS, and HS states
Themost intense components of the XAS at LII- and LIII-edges of tran-
sitionmetal are considered as 2p-3d transition by dipole transition rules
[50]. Therefore, the spectral shape of XAS at LII- and LIII-edges of transi-
tion metal is strongly correlated with the shape of unoccupied partial
DOS of 3d orbital of transition metal. In this study, we mainly analyzed
the unoccupied partial DOS of Co 3d orbital to understand the difference
of shapes of calculated Co 2p XAS of LaCoO3 in more detail. To consider
the effect of electronic excitation on the shape of unoccupied DOS of Co
3d orbital at ﬁnite temperature, we introduced the Fermi–Dirac distri-
bution function,
f Eð Þ ¼ 1
1þ exp E−E f
kBT
  ; ð1Þ
where f(E) is the occupation probability, E is the energy obtained byDFT
calculation at 0 K, Ef is the Fermi energy, kB is the Boltzmann's constant,
and T is the absolute temperature. By using the above equation, we
analyzed the continuous distribution of unoccupied partial DOS of Co
3d orbital near Fermi level at ﬁnite temperature. Fig. 3 shows theFig. 3. Unoccupied partial density of states of Co 3d orbital ounoccupied partial DOS of Co 3d orbital for LS, IS, and HS states at differ-
ent temperatures. Due to the thermal excitation of electrons near Fermi
level, the unoccupied partial DOS of Co 3d orbital were observed below
the Fermi level. When the temperature increases, the area of unoccu-
pied partial DOS of Co 3d orbital below Fermi level also becomes large
because of the thermal effect of electron excitation. We observed the
different shape of unoccupied partial DOS of Co 3d orbital for LS, and
IS, and HS states likewise the calculated Co 2p XAS of LaCoO3.
Although these analyses indicate that each LS, IS, and HS state shows
characteristic shape due to the difference of electronic structure, it is
slightly inﬂuenced by the lattice change induced by the temperature.
3.3. Relation between Co 2p XAS and unoccupied partial DOS of Co 3d
To directly compare the shape of calculated Co 2pXAS of LaCoO3 and
unoccupied partial DOS of Co 3d orbital, we change the resolution in
visualizing the calculated Co 2p XAS of LaCoO3. We show in Fig. 4 the
calculated Co 2p XAS of LaCoO3 by different resolutions (0.2 and
0.02 eV) and unoccupied partial DOS of Co3d for LS states at 300 K as
an example. The values of 0.2 and 0.02 eV mean the smearing width,
which corresponds to the resolution, for visualizing XAS in CASTEP pro-
gram package. Co 2p XAS(0.2) is visualized by using conventional reso-
lution setting giving a spectra similar to the experimental observation.
Co 2p XAS(0.02) is visualized by using high resolution to show the
ﬁne structure of spectrum. For HS state, we clearly observed the relation
between Co 2p XAS and unoccupied partial DOS of Co 3d orbital of
LaCoO3, i.e., the sharp primary peak at around 1 eV is observed in both
results. We found primary peak ranging 1–2 eV and secondary peak atf LaCoO3 for LS, IS, and HS states at 300, 573, and 773 K.
Fig. 4. Calculated Co 2p XAS of LaCoO3 at different energy resolutions (0.2 and 0.02 eV) and unoccupied partial DOS of Co 3d orbital for LS state at 300 K. All data are normalized for
comparison.
198 T. Ishimoto et al. / Solid State Ionics 285 (2016) 195–201around 2.7 eV in LS state. On the other hand, sharp primary peak was
observed near Fermi level with secondary peaks around 1–2 and
2.7 eV in IS state. The difference of peak position in Co 2p XAS of
LaCoO3 between LS and IS states corresponds to thedifference of the un-
occupied partial DOS of Co 3d orbital.
Next, we analyzed the energy differences of LaCoO3 for LS, IS, and HS
states under different temperatures. We show in Table 2 the energy of
each state in relative to the total energy of LS state at 300 K. The energies
of IS and HS states in relative to LS are−0.126 and 2.115 eV at 300 K, re-
spectively. When temperature increases, the relative energy decreases in
every spin states. This result indicates that the LaCoO3 unit structure be-
comes stable when temperature increases, as the reported DFT calcula-
tion by using experimentally observed lattice parameters [37]. In
particular, the energy of HS state at 773 K is about 1 eV smaller than
that at 300 K.We estimated the ratio of three spin states at a speciﬁc tem-
perature by using equilibrium constant equation with the energy differ-
ence between spin states. The ratio of LS, IS, and HS states is also shown
in Table 2. At 300K, the ratio of LS and IS are 0.384 and 0.616, respectively.
When temperature increases up to 773 K, the ratio of LS, IS, and HS be-
comes 0.372, 0.569, and 0.059, respectively. At room temperature region,
themain spin state of Co3+ in LaCoO3 is estimated to be IS. The population
of HS state becomes non-negligible at higher temperature.
We focus on the thermal excitation of electrons near Fermi level as a
temperature effect. Thermal excitation of electrons changes the occu-
pancy of electronic states and the Fermi level. To consider the electronic
excitation at ﬁnite temperature, we used the Fermi–Dirac distributionTable 2
Relative energy (eV) and ratio for LS, IS, and HS states at 300, 573, and 773 K. Total energy for
Ration (corrected)
Temperature LS IS HS
(K) (eV) (eV) (eV) LS
300 0.000 −0.124 2.115 0.384
573 −0.080 −0.277 1.313 0.393
773 −0.103 −0.391 1.144 0.372function in eq. (1). By using this equation, we can estimate the Fermi
level shift by charge neutrality for a ﬁnite temperature from the Fermi
energy at 0 K. Table 3 lists the Fermi energy shift from Fermi energy
for LS, IS, and HS states of LaCoO3. At room temperature, Fermi level
shift at HS state is larger than that at LS and IS states due to the different
shapes of partial DOS of Co 3d orbital. When temperature increased
from 300 to 573 and 773 K, Fermi level shift at 573 and 773 Kwas larger
than that at 300 K. This result indicates that the thermal excitation of
electrons changes the electronic state occupancy at higher temperature.
This means that the total energy at ﬁnite temperature differs from the
total energy obtained by DFT calculation, which is the value at 0 K.
Thus, we calculated the energy of LS, IS, and HS states with relative to
that of LS state at 300 K considering thermal excitation of electrons.
The correction of total energy (E(correction)) was done by using
following equation,
E correctionð Þ ¼ E originalð Þ−E lossð Þ þ E gainð Þ; ð2Þ
where E(original) is total energy when electrons occupy the states
up to Fermi energy (this total energy is obtained by DFT calculation at
0 K), E(loss) is the energy change corresponding to the loss of electrons
below Fermi energy due to the thermal excitations. E(gain) is the energy
change corresponding to the electrons occupying states above Fermi
energy, associated with the thermal excitations. Here we note that
Fermi level is determined so as to keep the charge neutrality of the sys-
tem, i.e., to keep the numbers of holes and excited electrons the same.LS at 300 K was chosen as a reference state.
Ratio
IS HS LS IS HS
0.616 0.000 0.328 0.671 0.001
0.583 0.024 0.278 0.643 0.079
0.569 0.059 0.248 0.587 0.165
Table 3
Fermi level shift (eV) from Fermi energy by thermal excitation of electrons for LS, IS, and
HS states at 300, 573, and 773 K.
Temperature (K) 300 573 773
LS 0.003 0.005 0.008
IS 0.006 0.020 0.028
HS 0.021 0.043 0.071
199T. Ishimoto et al. / Solid State Ionics 285 (2016) 195–201By using E(correction), we again calculated the ratio of LS, IS, and HS
states. In the calculation of ratio of spin states, we also considered the
difference of the maximum intensity of the unoccupied partial DOS of
Co 3d orbital for LS, IS, and HS states in Fig. 3, assuming that it corre-
sponds to the intensity of electron excitation from Co 2p to Co 3d
orbitals. The HS state showed the largest maximum number of states
among the three states in Fig. 3. This indicates that the intensity of
electron excitation of HS is the strongest among the three states. We
considered the intensity of electron excitations for each spin state as a
correction of the ratio of three spin states. The ratio of LS, IS, and HS
states after the correction is shown in Table 2. The ratio of HS state at
each temperature increases due to the effect of thermal excitation of
electrons. From room temperature to 773 K, IS is obtained the main
state as well as the experimental analyses [23]. Experimentally, the
increase of HS ratio was reported with increasing temperature [15,23],
although the reported spin states ratios show largeﬂuctuationsdepend-
ing on the measurement methods used. In addition, some DFT calcula-
tions were performed by using the coexistence model of different spin
states [27,28,30,32,33,39]. As some previous papers pointed out, our re-
sult also indicates that different spin states of Co3+ coexist in LaCoO3.
The ratio of LS, IS, and HS states depends on temperature. By consider-
ing the effect of thermal electronic excitation, higher spin states (HS in
LS/IS) are stabilized.3.4. Comparison between calculated and experimental XAS
Co 2p XAS of LaCoO3 was calculated from the sum of each Co 2p XAS
of LaCoO3 for LS, IS, and HS states weighted with the calculated ratio of
respective spin states in Table 2. The combined Co 2p XAS of LaCoO3 at
300, 573, and 773 K is shown in Fig. 5 together with the experimental
XAS of LaCoO3 at Co LII- and LIII-edges. In the experiment, in situ
soft XAS of LaCoO3 at Co LII- and LIII-edges were measured to evaluateFig. 5. Calculated Co 2p XAS of LaCoO3 at 300, 573, and 773 K by assuming the coexisting
ratio of LS, IS, and HS states shown in Table 2. Experimental XAS of LaCoO3 at Co LII- and
LIII-edges is also shown.the electronic structure of LaCoO3 under controlled atmospheres,
p(O2) = 10-4, at elevated temperatures. Note that the measurement
was performed under the oxidizing condition, not under ultra high
vacuum condition adopted in the conventional soft XAS measurement;
therefore, we can eliminate the possibility of reduction of Co ions in
LaCoO3. More details about experimental conditions can be found else-
where [44]. Although there is a possibility of spectra distortion effect
due to self-absorption during XAS measurement with ﬂuorescence
yieldmode in this study,we discussed the spectra shape between calcu-
lated and experimental results. The spectra calculated for each LS, IS,
and HS state do not correspond to experimental data directly because
the shape change associated with temperature increase cannot be ex-
plained by assuming single spin state nor spin transition such as LS to
IS or IS to HS. From discussion in 3.3, we can suppose that the coexis-
tence ratio of spin states will change with increasing temperature. We
can see the shape of calculated spectra reﬂecting the change of spin
states ration in Fig. 5 shows better match with experimental spectra.
In particular, the peak position and shape of spectra by our calculation
is in good agreement with experimental data at 773 K. We also found
the peak position shift to the higher energy region due to the change
of ratio. When the temperature increases from 300 to 773 K, the ratio
of IS becomes smaller, while that of HS becomes larger. Because the
peak position of HS state spectrum is located at higher energy region
compared with IS state one. As a result, the peak position of calculated
spectra shifted to higher energy region as well as experimental spectra.
We conclude that the Co 2pXAS of LaCoO3 observed by the experiments
reﬂects coexistent situation of LS, IS, and HS states rather than a transi-
tion of the spin state at a certain threshold temperature. The difference
of the spectra between room and high temperature is due to the differ-
ence of the coexistence ratio of spin state components. Nonetheless, our
calculation fails to reproduce the gap between the primary and second-
ary peaks ((a) and (b) in Fig. 5) observed in experimental spectra at
room temperature. This peak difference about 2 eV might be another
thermal effect, such as the displacement of atoms from the equilibrium
position due to the thermal vibration.
3.5. Effect of thermal displacement of atomic position
Wediscuss the thermal displacement of atomic position of LaCoO3 as
temperature effects.We have already found that the change of Co-O dis-
tance reﬂects to the shape of Co 2p XAS of LaCoO3 [26]. In this section,
we estimated the relations between the electronic structure and local
geometrical changes, such as Co-O distances and O-Co-O angles, in
LaCoO3. The ﬁrst-principles molecular dynamics (FPMD) calculation
was conducted for simple random sampling of the various Co-O conﬁg-
urations (Co-O distances and O-Co-O angles) to analyze the effect of
thermal displacement of atomic positions for the shape of Co 2p XAS
of LaCoO3. FPMD calculation was performed for LaCoO3 rhombohedral
crystal structure by using local density approximation (LDA) with
Ceperley–Alder–Perdew–Zunger (CA-PZ) [51,52] for 1000 steps with a
time step of 1.0 fs (total 1.0 ps). The temperature was controlled at
300 K during the simulation.
Here we regard the initial 100 steps are relaxation steps and the
structures at 150, 300, 450, 600, 750, and 900 steps as well as the ﬁnal
structure are sampled. The spectra of those structures are compared
with the static crystalline structure corresponding to the initial struc-
ture. In addition, the structures showing the maximum and minimum
distances of average Co-O (712 and 346 steps) during the dynamics
are also selected from the FPMD simulation. The distance of Co and six
coordinating O atoms in LaCoO3 are shown in Table 4 in the order of
average Co-O distance. The Co-O distance at the equilibrium lattice
positions was 1.934 Å (initial structure in Table 4). The longest average
Co-O distance was about 0.14 Å longer than that in the initial structure.
However, each Co-O distance drastically changes with the minimum
and maximum Co-O distances of 1.799 and 2.376 Å, respectively, as
seen from Table 4.We demonstrated that the Co-O distances are largely
Table 4
Distance of Co and six coordinating O atoms (Å) and average of six Co-O distances (Å) for selected 10 structures in LaCoO3 from ﬁrst-principles molecular dynamics calculation.
Number of steps Initial 346 150 300 1000 450 900 600 750 712
1.934 1.799 1.831 1.852 1.873 1.893 1.859 1.877 1.915 1.837
1.934 1.826 1.894 1.888 1.913 1.894 1.918 1.889 1.932 1.913
Co-O 1.934 1.867 1.920 1.911 1.924 1.910 1.982 1.956 1.989 1.915
1.934 1.912 1.989 1.912 1.947 1.928 2.020 1.975 2.045 2.187
1.934 1.950 2.025 1.953 1.989 1.931 2.075 2.291 2.240 2.219
1.934 2.320 2.044 2.246 2.132 2.304 2.115 2.350 2.267 2.376
Average 1.934 1.946 1.960 1.960 1.963 1.977 1.995 2.056 2.065 2.075
200 T. Ishimoto et al. / Solid State Ionics 285 (2016) 195–201displaced due to the thermal vibration of atoms. By using these asym-
metric LaCoO3 unit cell, we calculated the unoccupied partial DOS of
Co 3d. Obtained results for LS, IS, and HS states are shown in Fig. 6. For
LS state, major peaks appear around 1.5 eV region in all structures and
there is no signiﬁcant change in the shape of unoccupied partial DOS
of Co 3d orbital. For HS, a sharp primary peak was observed around
1 eV in all structures and dependency of the unoccupied DOS of Co 3d
orbital on the structure is not signiﬁcant. These results indicate that
the shape of unoccupied partial DOS of Co 3d orbital for LS andHS states
is not sensitive to the change of Co-O distances due to the thermal dis-
placement of atomic positions. Contrarily, we found different shape of
unoccupied partial DOS of Co 3d orbital for IS state. Characteristic
peaks near Fermi level and around 1.5 eV were observed for initial
structure and the structures with relatively shorter average Co-O dis-
tance.When the average Co-O distance became longer, we observed ad-
ditional strong peaks around 2.5 eV. To see more directly the effect of
the structure on the spectra, we calculated Co 2p XAS of LaCoO3 for
asymmetric 10 structures of LaCoO3 unit cell. The calculated Co 2p
XAS are shown in Fig. 7. The spectra in Fig. 7 are shown with the high
energy resolution (0.02 eV) to clearly see the peak positions. As well
as the unoccupied partial DOS of Co 3d orbital, the shapes of Co 2p
XAS of LaCoO3 for LS and HS states do not depend signiﬁcantly on the
displacement of atomic positions. We found the additional strong
primary peak around 2.5 eV in Co 2p XAS of LaCoO3 at IS state when
Co-O bond distance becomes longer. This result shows that the new
peak appears for IS state due to the elongation of Co-O distance induced
by the thermal vibration of atoms.Fig. 6. Unoccupied partial density of states of Co 3d orbital for4. Conclusions
We analyzed the Co 2p XAS of LaCoO3 under the LS, IS, and HS states
of Co3+ ion by using DFT calculation. As temperature effects for spin
state transition of Co3+ ion in LaCoO3, we considered the lattice change
and thermal excitation of electron.We clearly observed different shapes
depending on the spin states, although only minor differences were
seen by the lattice expansion. To understand the origin of the XAS
shape, the unoccupied partial DOS of Co 3d orbital was analyzed by
using Fermi–Dirac distribution function. Good agreement of the shape
of the unoccupied partial DOS of Co 3d orbital with the calculated XAS
is observed. To understand the temperature dependence of XAS, we
then considered the thermal excitation of spin states on the basis of
energy difference between the states. Results clearly showed that the
ratio of higher spin states (IS or HS) increasedwhen the temperature in-
creased. We theoretically estimated Co 2p XAS of LaCoO3 by combining
XAS of each spin state on the basis of the coexistence ratio of the states
and compared themwith the experimentally observed XAS of LaCoO3 at
Co LII- and LIII-edges.We found a better agreement in the calculated and
the experimentally observed Co 2p XAS, which cannot be explained by
the transition of spin state at a certain threshold temperature. Our result
indicates that the difference of the experimentally observed XAS be-
tween room and high temperatures is due to the different coexistence
ratio of spin states. According to the analysis considering the thermal
displacement of the atomic positions, additional strong peaks are indi-
cated only for IS states. The fundamental results obtained in this study
on Co 2p XAS of LaCoO3 under the LS, IS, and HS states at variousLS, IS, and HS states for selected 10 structures in LaCoO3.
Fig. 7. Calculated Co 2p XAS of LaCoO3 for LS, IS, and HS states for selected 10 structures in LaCoO3. Dotted line indicates experimental XAS of LaCoO3 at Co LII- and LIII-edges at 300 K.
201T. Ishimoto et al. / Solid State Ionics 285 (2016) 195–201temperatures will be useful for further analyses on the doped LaCoO3
and its surface electronic structures.
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